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Abstract: Marine heatwaves (MHWs) are spreading across global oceanic regions with
unprecedented intensity, frequency, and duration, and are often accompanied by changes
in underwater light, thereby imposing multiple stressors on coastal macroalgae. In this
study, the effects of MHW intensities (moderate: +3 ◦C; severe: +6 ◦C) and light intensi-
ties (normal: 90 µmol photons m−2 s−1; high: 270 µmol photons m−2 s−1) on cultivated
Undaria pinnatifida were investigated through an integrated analysis of physiological, tran-
scriptomic, and metabolomic responses. Under moderate MHW conditions, U. pinnatifida
exhibited enhanced growth and photosynthetic performance, with increased pigment
content, improved electron transport, and the early activation of antioxidant defenses.
Following severe MHW exposure, the partial recovery of some physiological traits was
observed, while photosynthetic capacity, membrane integrity, and energy metabolism
remained impaired, and oxidative damage was not fully resolved. High light stress further
aggravated stress responses under both MHW intensities by disrupting photoprotection
and weakening antioxidant defense systems. These results suggest that U. pinnatifida
exhibits adaptive capacity under moderate MHWs and delayed physiological damage
and incomplete recovery under severe MHWs. High light stress further exacerbates both
responses, ultimately affecting yield and quality.

Keywords: high light stress; marine heatwaves; metabolomics; physiological response;
transcriptomics; Undaria pinnatifida

1. Introduction
Marine heatwaves (MHWs) have emerged as a major threat to the structural and

functional integrity of marine ecosystems under accelerating global climate change. MHWs
are defined as extreme warming events during which sea surface temperatures exceed
the local seasonal threshold (typically the 90th percentile based on a 30-year historical
climatology) for at least five consecutive days, and they are ecologically distinct from the
gradual process of long-term ocean warming due to their abrupt onset, short duration, and
intensity [1,2]. Long-term observational records reveal that MHWs have intensified in scale
and impact over recent decades, exhibiting substantial spatial variability. These trends
are projected to intensify over the coming decades, particularly in mid- to high-latitude
regions [3,4]. The increasing recurrence of MHWs is disrupting previously stable ecological
processes, impairing growth and reproduction in marine organisms, destabilizing trophic
interactions, and potentially driving irreversible shifts in community structure [5]. These
impacts reduce ecosystem resilience and intensify the survival pressure on thermally
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sensitive species, highlighting the urgent need to clarify their response mechanisms and
adaptive strategies, and to provide an empirical basis for understanding the broader
ecological consequences of MHWs [6].

Kelp species contribute fundamentally to the functioning of coastal marine ecosys-
tems by supporting biodiversity, maintaining high levels of primary productivity, and
facilitating energy and nutrient transfer across trophic levels [7]. Under the increasing
prevalence of MHWs, their ecological functioning has been progressively undermined [8].
In many regions, widespread declines or even local extinctions of kelp forests have been
reported, often accompanied by reductions in structural complexity, biodiversity, and
ecosystem functionality [9,10]. For instance, the severe MHW event that occurred off
the southwestern coast of Australia in 2011 led to the large-scale degradation of Ecklonia
radiata (Phaeophyceae) forests, where diverse, architecturally complex assemblages were
replaced by low-diversity turf beds. This shift significantly reduced primary productivity
and carbon sequestration potential, thereby affecting the abundance and distribution of
associated faunal communities, including fish, invertebrates, and marine mammals, and
ultimately threatening the sustainability of coastal fisheries [11,12]. In certain ecosystems,
extreme MHWs have triggered blooms of subcanopy or benthic turf-forming algae, con-
current with significant declines in sessile invertebrate populations. These shifts have
restructured trophic linkages and interspecies interactions, facilitating the establishment of
thermophilic or non-native species such as Sargassum spp., Lobophora spp., and Padina spp.,
and potentially contributing to changes in community composition and ecological function,
including alterations in energy flow and the simplification of habitat complexity [13,14]. By
altering species composition and ecological functions, the loss of kelp forests may weaken
the capacity of coastal ecosystems to buffer environmental variability and contribute to
broader-scale climatic instabilities [15]. Despite widespread documentation of these ecolog-
ical impacts of MHW events on kelp species, little is known regarding their self-regulatory
mechanisms [16].

During MHW events, reduced cloud cover allows increased solar radiation to pene-
trate the water column, while stratification induced by elevated temperatures suppresses
phytoplankton growth, jointly enhancing the light penetration depth and expanding the
vertical zone suitable for photosynthesis [17]. As a result, macroalgae are increasingly
exposed to novel light–temperature combinations that differ markedly from historical
baselines [18,19]. Under such compound stress conditions, light serves as a critical modulat-
ing factor in shaping macroalgal physiological responses to elevated temperatures [20,21].
Excessive radiation may exacerbate heat-induced metabolic disruption by triggering pho-
toinhibition and oxidative stress, while moderate light enhancement may, under certain
conditions, support sustained carbon fixation and energy supply, thereby contributing to
short-term physiological homeostasis [22,23]. The direction and magnitude of these effects
depend on species-specific traits, physiological status, and environmental context [24]. Due
to their sessile nature, macroalgae lack behavioral escape mechanisms and rely primarily on
internal physiological and molecular regulation to cope with these dynamic stressors [25].
Compared to single-factor MHW stress, the addition of fluctuating light introduces greater
environmental complexity, with potentially nonlinear outcomes that remain poorly un-
derstood [26,27]. Elucidating the interactive effects of light and temperature is therefore
essential for assessing the sensitivity and adaptive capacity of macroalgae under future
ocean conditions, particularly increased frequency and intensity of MHWs and variability
in light availability.

Undaria pinnatifida, a temperate-to-cold-temperate brown macroalga, is widely dis-
tributed in coastal East Asia where it maintains stable native populations. This species
has successfully spread to numerous coastlines across different sea areas, becoming one
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of the most prominent invasive macroalgae globally [28,29]. As a representative kelp,
U. pinnatifida plays a crucial ecological role in fixing photosynthetic carbon, sustaining
primary productivity, and driving nearshore nutrient cycling. It also holds significant
economic value and is currently one of the most extensively cultivated seaweed species
worldwide [30]. In recent years, both natural and aquaculture populations of U. pinnat-
ifida have been subjected to increasingly complex environmental stressors. Beyond the
long-term trend of ocean warming, marine environments are also experiencing growing
fluctuations, including seasonal salinity anomalies, intensified eutrophication, pollutant
accumulation, and violent physical disturbances [31–34]. These stressors may interact to
impair photosynthetic capacity, energy metabolism, membrane stability, and reproductive
performance, potentially placing U. pinnatifida in a more vulnerable physiological state
when facing additional extreme events [35]. More critically, certain environmental factors
may compromise its stress tolerance or disrupt its metabolic balance, thereby increasing
susceptibility to other stressors and leading to a highly variable response pattern, often
manifested as non-linear or unpredictable physiological reactions. Given the inevitable
exposure of U. pinnatifida to MHWs and concurrent changes in light conditions in both nat-
ural habitats and farming areas, clarifying its response patterns and underlying regulatory
mechanisms is imperative [36].

This study investigated the effects of MHW intensity and light intensity on the growth,
photosynthetic performance, antioxidant responses, and transcriptomic and metabolomic
profiles of cultivated U. pinnatifida, in order to elucidate its regulatory mechanisms under
their combined stress. These findings are expected to advance our understanding of the
adaptive strategies of kelp species in response to MHW-induced environmental turbulence
and provide a scientific basis for the risk assessment and management of kelp aquacul-
ture under future climate change scenarios, such as adjusting cultivation depth to avoid
excessive light exposure and breeding for resilience.

2. Results
2.1. Relative Growth Rate

Three-way repeated measures ANOVA revealed significant interactions among MHW
intensity, light intensity, and sampling time for the RGR, with a large effect size (Figure 1A;
Table S2). During the warming phase, the RGR of the severe MHW under normal light
(SMHWNLight) group was significantly higher than in the moderate MHW under nor-
mal light (MMHWNLight) group. In contrast, during the cooling and recovery phases,
SMHWNLight exhibited significantly lower RGR values than both MMHWNLight and the con-
trol (Ctrl). During these phases, the moderate MHW under high light (MMHWHLight) group
displayed a significantly higher RGR than the severe MHW under high light (SMHWHLight)
group and the high light only (HLight) group (Table S3). The RGR of MMHWNLight and
SMHWNLight increased during the peak phase, decreased during the cooling phase, and sta-
bilized at similar levels during the recovery phase. MMHWHLight and SMHWHLight showed
a gradual, significant decline in the RGR throughout the experimental period (Table S5).
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Figure 1. Growth and pigment contents of Undaria pinnatifida under different marine heatwave and
light treatments. (A) Relative growth rate, (B) chlorophyll a content, (C) chlorophyll c content, and
(D) fucoxanthin content. WP, PP, CP, and RP represent the sampling time points at the end of the
warming, peak, cooling, and recovery phases, respectively. Data represent mean ± SD (n = 3).

2.2. Pigment Content

Three-way repeated measures ANOVA revealed significant interactions among MHW
intensity, light intensity, and sampling time for the Fux content, with a large effect size.
For Chl a and Chl c, no three-way interaction was detected, though a significant two-way
interaction between MHW intensity and light intensity was observed, with a large effect
size (Table S2).

Under normal light conditions, the Chl a content in both the moderate and severe
MHW groups was significantly higher than that in the Ctrl group (Figure 1B; Table S6).

The Chl c content in the moderate MHW group was significantly higher than in both
the severe MHW and Ctrl groups, while the severe MHW group exhibited significantly
lower Chl c content values than the Ctrl group (Figure 1C; Table S6).

During the peak phase, the Fux content in MMHWNLight was significantly higher than
that in the Ctrl (Figure 1D; Table S3). During the peak and cooling phases, the Fux content
in MMHWNLight exceeded that in MMHWHLight (Table S4). The Fux content in MMHWNLight

showed a gradual decline, whereas those in MMHWHLight, SMHWNLight, SMHWHLight, and
HLight showed significant reductions during recovery (Table S5).

2.3. Fv/Fm and qP

Significant three-way interactions among MHW intensity, light intensity, and sam-
pling time were observed for Fv/Fm, with a large effect size. For qP, significant two-way
interactions were detected between MHW intensity and light intensity, with a large effect
size (Table S2).

At the peak phase, Fv/Fm of SMHWNLight was significantly lower than that of
MMHWNLight and the Ctrl (Figure 2A; Table S3). Fv/Fm of MMHWNLight increased at
peak, declined during cooling, and remained stable during recovery. Fv/Fm of SMHWNLight

declined at peak and remained unchanged through cooling and recovery (Table S5).



Plants 2025, 14, 1419 5 of 22
Plants 2025, 14, x FOR PEER REVIEW 5 of 23 
 

 

 

Figure 2. Chlorophyll fluorescence parameters of Undaria pinnatifida under different marine heat-

wave and light treatments. (A) Fv/Fm; (B) qP; (C) Y(II), Y(NPQ), and Y(NO), represented as green, 

blue, and gray stacked areas, respectively; (D–G) rapid light–response curves, and (H–K) fitted pho-

tosynthetic parameters (rETRmax, α, and Ik) during each experimental phase. WP, PP, CP, and RP 

represent the sampling time points at the end of the warming, peak, cooling, and recovery phases, 

respectively. Data represent mean ± SD (n = 3). An asterisk (*) denotes statistically significant differ-

ences at p < 0.05. 

2.4. PSII Energy Distribution Parameters 

Significant three-way interactions among MHW intensity, light intensity, and sam-

pling time were observed for Y(II), Y(NPQ), and Y(NO), with a large effect size (Figure 

2C; Table S2). 

Y(II) of MMHWNLight and SMHWNLight was significantly higher than that of the Ctrl group 

from peak to recovery (Table S3). In both the moderate and severe MHW groups, Y(II) 

decreased during cooling and increased during recovery (Table S5). 

Y(NPQ) was significantly lower in MMHWNLight than in SMHWNLight during cooling and 

recovery (Table S3), and lower in SMHWNLight than in SMHWHLight during peak and cooling 

phases (Table S4). Y(NPQ) of SMHWNLight increased during cooling and recovery, while that 

of SMHWHLight showed a continuous increase (Table S5). 

Y(NO) of MMHWNLight was significantly lower than that in the Ctrl group from peak to 

recovery (Table S3) and was also lower than that in MMHWHLight (Table S4). Y(NO) of 

SMHWNLight increased during the cooling phase (Table S5). 

  

Figure 2. Chlorophyll fluorescence parameters of Undaria pinnatifida under different marine heatwave
and light treatments. (A) Fv/Fm; (B) qP; (C) Y(II), Y(NPQ), and Y(NO), represented as green, blue, and
gray stacked areas, respectively; (D–G) rapid light–response curves, and (H–K) fitted photosynthetic
parameters (rETRmax, α, and Ik) during each experimental phase. WP, PP, CP, and RP represent the
sampling time points at the end of the warming, peak, cooling, and recovery phases, respectively.
Data represent mean ± SD (n = 3). An asterisk (*) denotes statistically significant differences at
p < 0.05.

Under normal light, the qP of the severe MHW group was significantly lower than
that of the moderate MHW and Ctrl groups (Figure 2B; Table S6).

2.4. PSII Energy Distribution Parameters

Significant three-way interactions among MHW intensity, light intensity, and sampling
time were observed for Y(II), Y(NPQ), and Y(NO), with a large effect size (Figure 2C;
Table S2).

Y(II) of MMHWNLight and SMHWNLight was significantly higher than that of the Ctrl
group from peak to recovery (Table S3). In both the moderate and severe MHW groups,
Y(II) decreased during cooling and increased during recovery (Table S5).

Y(NPQ) was significantly lower in MMHWNLight than in SMHWNLight during cooling
and recovery (Table S3), and lower in SMHWNLight than in SMHWHLight during peak and
cooling phases (Table S4). Y(NPQ) of SMHWNLight increased during cooling and recovery,
while that of SMHWHLight showed a continuous increase (Table S5).
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Y(NO) of MMHWNLight was significantly lower than that in the Ctrl group from peak
to recovery (Table S3) and was also lower than that in MMHWHLight (Table S4). Y(NO) of
SMHWNLight increased during the cooling phase (Table S5).

2.5. Light–Response Curves and Fitted Parameters

During the warming phase, rETR increased rapidly under low PAR and then plateaued,
with all treatment groups showing higher values than the Ctrl (Figure 2D). At the peak
phase, differences among treatments narrowed, and rETR in the severe MHW group
fell below that of the Ctrl (Figure 2E). In the cooling phase, rETR remained stable, with
MMHWHLight showing lower rETR values than the Ctrl (Figure 2F). During recovery, rETR
declined overall; only rETR of HLight and MMHWNLight remained slightly above that of the
Ctrl, while for other groups, it was lower (Figure 2G).

Bootstrap resampling was used to analyze the fitted parameters, with significant dif-
ferences from the control (p < 0.05) indicated. At the warming phase, the α in MMHWHLight

was significantly lower than that in the Ctrl (Figure 2H). At the peak phase, rETRmax of
SMHWHLight was significantly lower than that of the Ctrl, and α was significantly lower in
both SMHWNLight and SMHWHLight (Figure 2I). In the cooling phase, rETRmax of SMHWNLight

was significantly reduced; α was also significantly lower in MMHWHLight, SMHWNLight, and
SMHWHLight (Figure 2J). At the recovery phase, rETRmax of MMHWHLight, SMHWNLight, and
SMHWHLight remained significantly below that of the Ctrl; α was significantly lower in all
treatment groups (Figure 2K).

2.6. Physiological Stress Indicators

Significant three-way interactions among MHW intensity, light intensity, and sampling
time were detected for the proline and MDA content, with a large effect size (Table S2).

From warming to recovery, the proline content in SMHWNLight remained significantly
higher than that in MMHWNLight and the Ctrl (Figure 3A; Table S3). From peak to recovery,
the proline content of MMHWNLight was significantly lower than that of MMHWHLight, and
the proline content of SMHWNLight was lower than that of SMHWHLight (Table S4). The
proline content of MMHWHLight peaked in cooling and declined in recovery, whereas that
of SMHWNLight and SMHWHLight increased from cooling to recovery (Table S5).

The MDA content of MMHWNLight and SMHWNLight was significantly higher than that
of the Ctrl across all MHW phases (Figure 3B). At peak and recovery, the MDA content
of SMHWHLight was higher than that of MMHWHLight and HLight (Table S3). The MDA
content of SMHWNLight was consistently lower than that of SMHWHLight (Table S4). The
MDA content of MMHWNLight and MMHWHLight increased during cooling, whereas that of
SMHWNLight and SMHWHLight increased from warming to recovery (Table S5).

2.7. Antioxidant Enzyme Activities

Significant three-way interactions among MHW intensity, light intensity, and sampling
time were detected for the TAC and the enzymatic activities of SOD, CAT, and POD, with a
large effect size (Table S2).

The TAC of MMHWNLight and SMHWNLight remained elevated compared to that of the
Ctrl (Figure 3C; Table S3). From warming to recovery, the TAC of SMHWNLight was higher
than that of SMHWHLight (Table S4). The TAC of MMHWHLight declined during cooling and
recovery; that of SMHWNLight decreased during peak and cooling but increased in recovery;
and that of SMHWHLight gradually declined across all phases (Table S5).
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Figure 3. Oxidative stress and antioxidant responses of Undaria pinnatifida under different marine
heatwave and light treatments: (A,B) MDA and proline contents and (C–F) activities of antioxidant
enzymes including SOD, TAC, CAT, and POD. WP, PP, CP, and RP represent the sampling time
points at the end of the warming, peak, cooling, and recovery phases, respectively. Data represent
mean ± SD (n = 3).

The SOD activity of MMHWNLight and SMHWNLight was significantly higher than
that of the Ctrl (Figure 3D; Table S3). During cooling and recovery, the SOD activity of
MMHWNLight and SMHWNLight remained higher than that of their respective high light
counterparts (Table S4). The SOD activity of MMHWNLight peaked at the peak phase; that of
MMHWHLight declined during cooling and recovery; and that of SMHWNLight, SMHWHLight,
and HLight decreased progressively (Table S5).

The CAT activity of MMHWNLight remained higher than that of the Ctrl (Figure 3E).
From warming to recovery, the CAT activity of MMHWHLight was higher than that of
SMHWHLight and HLight (Table S3). The CAT activity of SMHWNLight was higher than that
of SMHWHLight throughout the same period (Table S4); that of MMHWNLight decreased
during recovery; and that of the other groups declined gradually from warming to recovery
(Table S5).

The POD activity of MMHWNLight and SMHWNLight remained consistently above that
of the Ctrl (Figure 3F; Table S3). From peak to recovery, the POD activity of MMHWNLight

and SMHWNLight was higher than that of MMHWHLight and SMHWHLight (Table S4). The
POD activity of MMHWNLight declined in cooling and recovery, whereas that of SMHWNLight

increased during peak and cooling (Table S5).
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2.8. Transcriptomic Analysis
2.8.1. Transcriptome Assembly and Annotation

Transcriptomic analysis was conducted on U. pinnatifida samples collected at the
end of the recovery phase. After quality filtering, approximately 392 million clean reads
were obtained, with a sequencing error rate below 0.01%, Q20 and Q30 values exceeding
97% and 93%, respectively, and GC content variation within 2%, indicating high data
quality (Table S7). Functional annotations for unigenes were performed using seven public
databases (Table S8).

2.8.2. Differential Gene Expression Analysis

Pairwise comparisons were conducted between each treatment group and the
control group, including high light only (HLight_Ctrl), moderate MHW under normal
light (MMHWNLight_Ctrl), moderate MHW under high light (MMHWHLight_Ctrl), se-
vere MHW under normal light (SMHWNLight_Ctrl), and severe MHW under high light
(SMHWHLight_Ctrl). The number of DEGs identified in each comparison was 7929 (4294 up-
regulated and 3635 downregulated) in HLight_Ctrl, 15,668 (8547 upregulated and 7121 down-
regulated) in MMHWNLight_Ctrl, 12,934 (6792 upregulated and 6142 downregulated) in
MMHWHLight_Ctrl, 13,854 (7658 upregulated and 6196 downregulated) in SMHWNLight_Ctrl,
and 12,828 (7160 upregulated and 5668 downregulated) in SMHWHLight_Ctrl (Figure S1A).
Among these, MMHWNLight_Ctrl contained the highest number of unique DEGs, totaling
3911 (Figure S1B). Hierarchical clustering revealed that moderate and severe MHW groups
formed distinct expression clusters, both of which differed from the control and high light
groups (Figure S1C).

2.8.3. GO Enrichment Analysis of Differentially Expressed Genes

GO enrichment analysis was performed on DEGs from the five comparison groups
(Figure S2). Oxidoreductase activity, catalytic activity, and transmembrane transport were
significantly enriched in all comparison groups. Transporter activity and GTPase activity
were significantly enriched in the moderate MHW comparison groups. Antioxidant activity,
molecular transducer activity, carbohydrate derivative metabolic process, nucleobase-
containing small-molecule metabolic process, and catalytic activity acting on a protein were
significantly enriched in the severe MHW comparison groups.

2.8.4. KEGG Enrichment Analysis of Differentially Expressed Genes

KEGG pathway enrichment analysis was conducted for DEGs from the five compar-
ison groups, and the top 20 significantly enriched results for each comparison group
are presented (Figure 4). Photosynthesis-antenna proteins, nitrogen metabolism, ter-
penoid backbone biosynthesis, MAPK signaling pathway-plant, and porphyrin and chloro-
phyll metabolism pathways were significantly enriched in all five comparison groups.
The moderate MHW comparison groups commonly showed significant enrichment in
carotenoid biosynthesis, pyruvate metabolism, histidine metabolism, and arginine and
proline metabolism pathways. The severe MHW comparison groups commonly ex-
hibited significant enrichment in carbon fixation in photosynthetic organisms, glycoly-
sis/gluconeogenesis, fructose and mannose metabolism, purine metabolism, nicotinate and
nicotinamide metabolism, selenocompound metabolism, and valine, leucine and isoleucine
degradation pathways.

2.9. Validation of Representative Gene Expression Patterns Using qRT-PCR

Representative genes associated with photosynthesis (Lhca1, Lhca4, PsbA, PsbO, PsbU,
Psb27), antioxidant defense (SOD1), and heat shock response (HSP40, HSP70, HSP90) were
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selected for validation. Their expression trends were in good agreement with the RNA-seq
data (Figure S3).
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classifications. GeneRatio indicates the ratio of target genes to background genes. Circle size
represents gene count, and color indicates p value (lighter for higher p values, darker for lower
p values).

2.10. Metabolomic Analysis
2.10.1. Data Quality Assessment and Multivariate Analysis

Untargeted metabolomic profiling was conducted on samples collected during the
recovery phase using LC-MS. Both positive and negative ion modes were employed, with
datasets merged for subsequent analysis. PCA revealed that the first two components
explained 37.5% and 14.9% of the variance, respectively (Figure S4A). PLS-DA further dis-
tinguished all treatment groups from the control, confirming robust inter-group separation
(Figure S4B). High R2 and Q2 values validated model quality and predictive capability
(Figure S4C). The number of DEMs identified in each comparison was 395 (227 upregulated
and 168 downregulated) in HLight_Ctrl, 552 (204 upregulated and 348 downregulated) in
MMHWNLight_Ctrl, 585 (159 upregulated and 426 downregulated) in MMHWHLight_Ctrl,
427 (228 upregulated and 199 downregulated) in SMHWNLight_Ctrl, and 508 (204 upregu-
lated and 304 downregulated) in SMHWHLight_Ctrl (Figure S4D).
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2.10.2. KEGG Pathway Analysis of Differentially Expressed Metabolites

KEGG analysis of DEMs from the five comparison groups revealed that 110 DEMs
were annotated to KEGG pathways (Figure 5). In all comparison groups, within the car-
bohydrate metabolism pathway, citric acid, α-ketoglutaric acid, D-sorbitol, ascorbic acid,
D-glucarate, lactose, and N-acetylneuraminic acid were significantly upregulated, while
ribulose-5-phosphate was significantly downregulated. In the metabolism of cofactors and
vitamins pathway, pimelic acid was significantly downregulated, while desthiobiotin, pyri-
doxine, 4-pyridoxate, and pyridoxamine were significantly upregulated. Under high light
conditions, L-(-)-arabitol was significantly upregulated, while biocytin, vitamin B2, adeno-
sine, guanosine monophosphate (GMP), and 3′-adenosine monophosphate (3′-AMP) were
significantly downregulated. Under severe MHW conditions, L-cysteine and L-tryptophan
were significantly upregulated, whereas β-nicotinamide mononucleotide (NMN), nicotinic
acid, adenosine, and 3′-AMP were significantly downregulated. In the SMHWNLight_vs_Ctrl
group, L-aspartic acid, L-arginine, 20:4-lysophosphatidic acid (LPA), and 20:5-LPA were
uniquely enriched and significantly downregulated, whereas indole and 5-hydroxyindole-
3-acetic acid (5-HIAA) were significantly upregulated. γ-Glutamylcysteine (γ-Glu-Cys)
was significantly upregulated in both the HLight_vs_Ctrl and SMHWHLight_vs_Ctrl groups.

Plants 2025, 14, x FOR PEER REVIEW 10 of 23 
 

 

carbohydrate metabolism pathway, citric acid, α-ketoglutaric acid, D-sorbitol, ascorbic 

acid, D-glucarate, lactose, and N-acetylneuraminic acid were significantly upregulated, 

while ribulose-5-phosphate was significantly downregulated. In the metabolism of cofac-

tors and vitamins pathway, pimelic acid was significantly downregulated, while desthio-

biotin, pyridoxine, 4-pyridoxate, and pyridoxamine were significantly upregulated. Un-

der high light conditions, L-(-)-arabitol was significantly upregulated, while biocytin, vit-

amin B2, adenosine, guanosine monophosphate (GMP), and 3′-adenosine monophosphate 

(3′-AMP) were significantly downregulated. Under severe MHW conditions, L-cysteine 

and L-tryptophan were significantly upregulated, whereas β-nicotinamide mononucleo-

tide (NMN), nicotinic acid, adenosine, and 3′-AMP were significantly downregulated. In 

the SMHWNLight_vs_Ctrl group, L-aspartic acid, L-arginine, 20:4-lysophosphatidic acid 

(LPA), and 20:5-LPA were uniquely enriched and significantly downregulated, whereas 

indole and 5-hydroxyindole-3-acetic acid (5-HIAA) were significantly upregulated. γ-

Glutamylcysteine (γ-Glu-Cys) was significantly upregulated in both the HLight_vs_Ctrl 

and SMHWHLight_vs_Ctrl groups. 

 

Figure 5. KEGG enrichment analysis and expression profiles of differentially expressed metabolites 

in Undaria pinnatifida under different marine heatwave and light treatments. The color scale repre-

sents log2 fold change, with red indicating upregulation and blue indicating downregulation. Col-

ored bars denote KEGG secondary pathway annotations of metabolites, while striped color blocks 

indicate different treatment groups. 

  

Figure 5. KEGG enrichment analysis and expression profiles of differentially expressed metabolites in
Undaria pinnatifida under different marine heatwave and light treatments. The color scale represents
log2 fold change, with red indicating upregulation and blue indicating downregulation. Colored bars
denote KEGG secondary pathway annotations of metabolites, while striped color blocks indicate
different treatment groups.
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2.11. Integrated KEGG Enrichment of Transcriptome and Metabolome

Integrated KEGG pathway enrichment analysis was conducted on DEGs and DEMs
from the five comparison groups during the recovery phase, and the top 20 significantly
enriched results for each comparison group are presented (Figure 6). Across all comparison
groups, ascorbate and aldarate metabolism, arginine and proline metabolism, vitamin
B6 metabolism, biotin metabolism, alanine, aspartate and glutamate metabolism, and
sphingolipid metabolism pathways were commonly enriched in both the transcriptome
and metabolome.
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Figure 6. Integrated KEGG enrichment analysis of differentially expressed genes and differentially ex-
pressed metabolites in Undaria pinnatifida under different marine heatwave and light treatments. (A–E)
correspond to HLight_vs_Ctrl, MMHWNLight_vs_Ctrl, MMHWHLight_vs_Ctrl, SMHWNLight_vs_Ctrl,
and SMHWHLight_vs_Ctrl, respectively. Black bars represent the metabolome; green bars represent
the transcriptome. The red and blue dashed lines indicate significance thresholds of p < 0.01 and
p < 0.05, respectively.
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3. Discussion
3.1. Adaptive Responses of U. pinnatifida Under Moderate MHW Conditions

Upon exposure to moderate MHW conditions, U. pinnatifida exhibited a significant
increase in RGR during the peak phase, accompanied by coordinated enhancements in
Fv/Fm and Y(II). These changes suggest that the photosynthetic system rapidly adjusted
to short-term thermal stress. This response pattern is similar to that observed in Sargas-
sum fusiforme under elevated temperatures [37]. The increased levels of photosynthetic
pigments (Chl a, Chl c, and Fux) during the peak phase coincided with the maintenance
of high photosynthetic performance, suggesting an optimization of pigment composition
to potentially enhance light harvesting capacity under these conditions, contributing to
the overall adaptive response observed [38]. During the cooling phase, Fv/Fm and Y(II)
declined slightly, reflecting a transient inhibitory effect induced by the MHW. However, a
significant increase in qP during the recovery phase, along with the simultaneous rebound
of other chlorophyll fluorescence parameters, indicated that U. pinnatifida was able to restore
photosynthetic function by improving photochemical efficiency. Meanwhile, the marked
elevation in Y(NPQ) during recovery and the significant enrichment of the carotenoid
biosynthesis pathway suggest that the organism enhanced non-photochemical quenching
via the regulation of the carotenoid cycle, thereby effectively dissipating the excess excita-
tion energy [39]. Notably, the rETR of the moderate MHW exposure remained consistently
higher than that of the control group, indicating the sustained activity of the electron
transport chain. In addition, the accumulation of citric acid and α-ketoglutaric acid likely
provided essential carbon skeletons and energy intermediates to support the enhanced
photosynthetic processes, reflecting the improved carbon assimilation efficiency [40,41].
These regulatory mechanisms at the photosynthetic level may have acted in concert with
antioxidant defenses to maintain physiological homeostasis under MHW conditions.

Despite the growth-promoting trend observed under moderate MHW stress, U. pinnat-
ifida established a well-coordinated antioxidant defense system. Throughout the exposure
period, TAC and the activities of antioxidant enzymes such as SOD, CAT, and POD re-
mained consistently higher than those in the control group. At the transcript level, the
SOD1 gene was significantly upregulated and biological processes related to oxidoreductase
activity were significantly enriched, suggesting that enzymatic antioxidant pathways were
actively engaged in scavenging reactive oxygen species (ROS). Similar preadaptive defense
mechanisms have also been reported in other macroalgal species [42,43]. Metabolomic data
further supported the existence of this defense system. Metabolites such as ascorbic acid,
pyridoxine, 4-pyridoxate, and pyridoxamine were upregulated, and integrated analysis
revealed the upregulation of the vitamin B6 metabolism pathway, suggesting that U. pinnat-
ifida also activated non-enzymatic antioxidant mechanisms [44]. Recent studies have shown
that vitamin B6, in addition to its conventional role as a coenzyme, also possesses notable
non-enzymatic antioxidant activity, especially in quenching singlet oxygen. In this regard,
its efficiency has been reported to exceed that of conventional antioxidants like vitamins C
and E [45,46]. This multi-level antioxidant response effectively limited oxidative damage,
as evidenced by the transient increase in the MDA content during the cooling phase and its
rapid decline during the recovery phase. The parallel recovery patterns in Y(II) and RGR
as MDA levels normalized further demonstrate the effectiveness of antioxidant protection.
MDA serves as a reliable indicator of oxidative stress-induced membrane damage that
directly impacts photosynthetic membranes and associated complexes [47], making the lim-
ited MDA accumulation particularly significant for maintaining physiological performance
under MHW stress. The rise in the proline levels during the cooling phase, together with the
significant enrichment of the arginine and proline metabolism pathway, further suggests a
coordinated response between osmotic regulation and antioxidant defense [48,49].



Plants 2025, 14, 1419 13 of 22

3.2. Stress Responses and Partial Recovery of U. pinnatifida Under Severe MHW Conditions

Under severe MHW stress, U. pinnatifida exhibited a response pattern distinct from
that under moderate MHWs, with notable differences in physiological responses, damage
extent, and recovery capacity. The temporary increase in RGR during the peak phase,
accompanied by enhanced Y(II) and rETRmax values, indicated a compensatory stress
response. This phenomenon likely occurred because U. pinnatifida, as an opportunistic
invasive species, efficiently exploited short-term favorable conditions before reaching its
physiological temperature threshold [28,50]. However, such an apparently positive re-
sponse could mask the accumulation of underlying cellular damage. In the cooling phase,
the photosystem function declined markedly. Decreases in Y(II) and qP suggested delayed
damage to the photosynthetic reaction centers [51]. Meanwhile, the increase in Y(NO)
implied a disruption of photoprotective mechanisms, as cells were unable to dissipate
excess energy through conventional thermal dissipation pathways, potentially exacerbating
photodamage [52]. Although photosynthetic parameters such as Y(II) and qP improved
during the recovery phase compared to the cooling phase, the persistently high Y(NO)
further indicated that the photosystem did not recover to control levels. The sustained
low levels of rETR and rETRmax also confirmed the long-term impairment of the electron
transport chain [53]. The failure of the photoprotective mechanisms may have stemmed
from energy exhaustion caused by overcompensatory responses during the peak phase.
The significant downregulation of energy-related metabolites, such as NMN, adenosine,
and 3′-AMP, confirmed the occurrence of disrupted energy metabolism [54,55]. Photosyn-
thetic pigment components exhibited divergent recovery dynamics: the Chl c and Fux
contents decreased significantly during the cooling phase and partially recovered during
the recovery phase but did not return to the control levels, while the Chl a content only
began to decline in the recovery phase. These results indicate that the initial impairment of
photosynthetic efficiency induced by severe MHW is primarily attributable to direct dam-
age to the photosystem machinery and the electron transport chain, or to impaired repair
mechanisms, rather than being solely caused by pigment loss. Furthermore, although the
pigment system retained some regulatory capacity, it was insufficient to restore homeostasis
within a short period. Similar findings were reported in Zonaria turneriana, where pigment
levels declined consistently under extreme MHWs (28 ◦C) [56].

The cellular damage induced by severe MHWs was accompanied by a series of com-
plex physiological responses. The significant downregulation of multiple lysophosphatidyl-
choline metabolites, along with the specific enrichment of 20:4-LPA and 20:5-LPA, indicated
sustained injury to the cellular membrane system. Such widespread alterations in mem-
brane lipid composition not only reduced membrane fluidity and stability but may also
have triggered subsequent oxidative damage [57]. The significant enrichment of the glyc-
erolipid metabolism pathway suggested that cells attempted to maintain membrane lipid
homeostasis through transcriptional regulation, although this compensatory mechanism
appeared insufficient to repair the damage within the experimental timeframe [58]. A
vicious cycle likely developed between membrane damage and oxidative stress. Lipid
peroxidation exacerbated ROS production, while the elevated ROS levels further compro-
mised membrane integrity. The proline and MDA levels increased significantly during the
cooling phase, and although they declined during recovery, both remained above control
levels, indicating that oxidative damage was not fully resolved [59]. The function of the
antioxidant system displayed a clear temporal variation. The TAC decreased significantly
during the cooling phase but recovered notably during the recovery phase, suggesting the
gradual restoration of total antioxidant capacity. However, the SOD and CAT activities
remained suppressed in both phases, and the POD activity declined significantly only
during recovery. Although antioxidant-related molecular functions were enriched, the
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transcriptional response did not translate into full enzymatic recovery within a short period.
This implies that the specific components of the antioxidant defense system may require
longer to recover, or that cells had shifted toward reliance on non-enzymatic antioxidant
pathways to alleviate oxidative stress. Similar findings have been reported in Ulva prolif-
era (Chlorophyta), where the SOD activity decreased significantly and the MDA content
increased under heat stress [60]. Significant changes in the amino acid levels, such as
L-tryptophan and L-arginine, indicated that oxidative damage had impacted the amino
acid metabolism, reflecting stress-induced metabolic adjustments [61]. Enrichment of the
valine, leucine, and isoleucine degradation pathway suggested that branched-chain amino
acids were catabolized to support energy metabolism and mitigate oxidative stress [62–64].
The upregulation of γ-Glu-Cys, a precursor of glutathione, suggested an attempt to en-
hance non-enzymatic antioxidant capacity [65]. Additionally, the abnormal accumulation
of indole and 5-HIAA indicated that metabolic disruptions had extended to the level of
secondary metabolism.

Unlike the linear physiological responses typically induced by conventional tem-
perature stress, the damage caused by severe MHWs exhibited pronounced delay and
persistence, reflecting a distinct adaptive strategy of U. pinnatifida in response to short-term
extreme temperature fluctuations. Although a certain degree of self-repair was observed,
parameters did not return to control levels, at least within the experimental observation
period. Understanding this response pattern is crucial for predicting the long-term impacts
of MHW events on the population dynamics and ecological functions of U. pinnatifida, as
negative effects may persist well beyond the return of favorable environmental conditions.

3.3. Combined Stress Effects of MHWs and High Light on U. pinnatifida

High light intensities exacerbated the inhibitory effects of MHWs on the growth and
photosynthetic performance of U. pinnatifida. Multiple studies have reported that light
intensity influences the sensitivity of plants to temperature stress [66–68]. Compared
with the MHW treatment alone, the RGR in the combined high light and MHW groups
showed a consistent downward trend under both moderate and severe MHW conditions.
This growth inhibition was closely associated with disturbances in the photosynthetic
function. The decline in Y(II), accompanied by a marked increase in Y(NPQ), indicated
that an excessive light input forced cells to dissipate more energy via heat dissipation
pathways [69,70]. Under the moderate MHW with high light treatment, such protective
regulation remained functional. However, in the severe MHW with the high light condition,
a sharp increase in Y(NO) during the cooling phase revealed the severe disruption of the
photosynthetic electron transport chain [71]. The dysfunction of the photosynthetic system
was directly reflected at the level of energy metabolism. The significant enrichment of
the oxidative phosphorylation and citrate cycle pathways, along with the downregulation
of energy-related metabolites such as adenosine and GMP, suggested that U. pinnatifida
attempted to compensate for energy shortages by adjusting energy metabolism. However,
this compensation was inefficient under combined high light and MHW stress [72,73].
Under the severe MHW with high light treatment, the downregulation of Lhca1 and
upregulation of Lhca4 indicated a reorganization of the light-harvesting complex, possibly
as an acclimatory response to the excessive light conditions. The continuous decline
in pigment content, together with the significant downregulation of vitamin B2, further
confirmed the serious damage to the light-harvesting system. Vitamin B2 has been shown
to play an important role as a photosynthetic cofactor in mitigating abiotic stress [74–76].
The general decline in α, along with the pronounced decrease in rETR, revealed an overall
reduction in light utilization efficiency [77].
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Compared to MHW treatment alone, the antioxidant defense system of U. pinnati-
fida was more severely suppressed under the combined high light conditions. The TAC
was significantly reduced, especially under the severe MHW with high light, and the
antioxidant enzyme activities continued to decline. This weakened antioxidant capacity
directly resulted in persistently elevated MDA levels, indicating sustained lipid peroxida-
tion and membrane damage. The increased proline content and significant upregulation
of metabolites such as D-sorbitol suggested that U. pinnatifida attempted to accumulate
osmoprotectants in response to stress, but failed to effectively maintain cellular homeosta-
sis [78,79]. Related studies have shown that in tropical seagrasses such as Enhalus acoroides
(Angiosperm), exposure to high temperature and hypoxia can lead to electron accumula-
tion, excessive ROS production, imbalance of antioxidant systems, and irreversible damage
to the photosynthetic apparatus under oxidative stress [80]. These results indicate that the
combined effect of high light and MHWs is not merely additive, but rather a synergistic
reinforcement through specific molecular mechanisms, leading to more severe physio-
logical suppression and metabolic disruption than either stressor alone. Such compound
stress responses have important implications for predicting the population dynamics of
U. pinnatifida under future climate change scenarios, especially considering that MHW
events in natural environments often co-occur with changes in light availability.

4. Materials and Methods
4.1. Sample Collection and Processing

Young sporophytes of U. pinnatifida (50 ± 5 cm in length) were collected in December
2023 from a seaweed cultivation site in Lidao, Rongcheng, Shandong Province, China
(36.822◦ N, 122.327◦ E). The thalli were transported to the laboratory under dark and cooled
conditions to minimize physiological stress. Upon arrival, thalli were rinsed with sterile,
filtered seawater to remove epiphytes and debris. Approximately 2000 discs (1 cm diameter)
were excised from meristematic regions using a sterile cork borer and acclimated for three
days under controlled conditions (10 ◦C, 90 µmol photons m−2 s−1, 12:12 h light/dark,
continuous aeration) in sterile seawater supplemented with one-quarter-strength PESI. The
medium was renewed daily.

4.2. Experimental Design

Temperature anomalies of +3 ◦C and +6 ◦C relative to the baseline were used to
represent moderate and severe MHW conditions, respectively, based on the MHW classi-
fication framework [2] and regional characteristics of the Northwest Pacific [81,82]. The
experimental baseline temperature was set at 10 ◦C. In the moderate MHW treatment, the
temperature was gradually increased by 0.5 ◦C per day until reaching 13 ◦C (warming
phase), whereas the severe MHW treatment applied a ramping rate of 1 ◦C per day to
reach 16 ◦C (warming phase). Once target temperatures were attained, conditions were
maintained isothermally for 7 days (peak phase), followed by a temperature decrease at
the same rates until returning to 10 ◦C (cooling phase). Thereafter, all treatments were
maintained at 10 ◦C for an additional 7 days (recovery phase).

The experiment followed a fully factorial design, incorporating three MHW intensities
(control: 10 ◦C; moderate MHW: +3 ◦C; severe MHW: +6 ◦C) and two light intensities
(normal: 90 µmol photons m−2 s−1; high: 270 µmol photons m−2 s−1), resulting in six
treatment combinations. Each treatment was conducted in triplicate.

4.3. Culture Conditions

Following acclimation, healthy discs were randomly distributed across treatments at a
fresh weight of 1 g L−1. Cultures were maintained under a 12:12 h light/dark cycle in sterile
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seawater enriched with one-quarter-strength PESI, with medium renewal being performed
every 72 h. Continuous aeration was provided, and environmental parameters (temperature
and light) were recorded hourly using calibrated sensors. Sampling for physiological
and biochemical measurements occurred on days 6, 13, 19, and 26, corresponding to the
warming, peak, cooling, and recovery phases, respectively. Samples collected on day 26
were also used for transcriptomic and metabolomic analyses.

4.4. Measurement of Growth

Fresh weight was recorded at the beginning of the experiment and at each sampling
point after blotting the discs to remove surface moisture. The relative growth rate (RGR;
% day−1) was calculated as follows:

RGR = 100 × (ln Wt − ln W0)/t (1)

where W0 is the initial fresh weight, Wt is the fresh weight at sampling, and t is the duration
in days.

4.5. Measurement of Pigment Content

Approximately 0.25 g of algal tissue was blotted dry and weighed. Pigments were
extracted sequentially in 2 mL dimethyl sulfoxide (DMSO) and 3 mL acetone under dark
conditions. After a 5 min DMSO incubation, the extract was combined with 0.5 mL distilled
water and measured at 665, 631, 582, and 480 nm. Residual tissue was further extracted in
acetone for 2 h, after which methanol and water were added, and measured at 664, 631,
581, and 470 nm. The concentrations of chlorophyll a (Chl a), chlorophyll c (Chl c), and
fucoxanthin (Fux) (mg g−1 FW) were calculated based on absorbance measurements and
equations described in the literature [83].

4.6. Measurement of Chlorophyll Fluorescence Parameters

Chlorophyll fluorescence parameters were measured using a Dual-PAM-100 system
(Walz, Effeltrich, Germany). Samples were dark-adapted for 20 min prior to measurement.
Fluorescence signals were recorded under standard actinic light using the Fluo + P700
mode and the SP Analysis module. Key parameters derived from the Slow Kinetics module
included the maximum quantum yield of PSII photochemistry (Fv/Fm), the photochemical
quenching coefficient (qP), the effective quantum yield of PSII [Y(II)], the quantum yield of
regulated energy dissipation [Y(NPQ)], and the quantum yield of non-regulated energy
dissipation [Y(NO)]. Rapid light–response curves were generated using the Light Curve
program, with stepwise increases in irradiance. The relationship between the relative elec-
tron transport rate (rETR) and photosynthetically active radiation (PAR) was determined
using least squares regression to obtain the maximum electron transport rate (rETRmax),
initial slope (α), and saturating irradiance (Ik).

4.7. Measurement of Biochemical Indicators

After each sampling point, algal tissues were snap-frozen in liquid nitrogen and ho-
mogenized in pre-chilled 0.1 M PBS (pH 7.4, 1:9 w/v) at 70 Hz for 1 min. Homogenates were
centrifuged at 6000 rpm for 10 min at 4 ◦C, and the supernatants were collected. The total
antioxidant capacity (TAC), proline content, malondialdehyde (MDA) content, and activi-
ties of superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) were determined
using kits (Nanjing Jiancheng, Nanjing, China) according to the manufacturer’s protocols.



Plants 2025, 14, 1419 17 of 22

4.8. De Novo Transcriptomic Profiling and Analysis

At the end of the experiment, approximately 100 mg of algal tissue was collected
per treatment. RNA was extracted using the Plant RNA Extraction Kit (Qiagen, Hilden,
Germany) with DNase I treatment (Takara, Osaka, Japan), and its quality (RIN ≥ 8.0),
purity (A260/A280 = 1.8–2.0; A260/A230 > 2.0), and concentration were subsequently
assessed. Strand-specific libraries were prepared using the NEBNext Ultra II RNA Library
Prep Kit (NEB, Ipswich, MA, USA) and sequenced on an Illumina NovaSeq 6000 platform
(Illumina, San Diego, CA, USA) (PE150), generating at least 6 Gb per sample. Clean reads
were filtered using fastp v0.23.1, quality-checked with FastQC v0.11.9, and assembled de
novo using Trinity v2.13.2. Redundant transcripts were removed using CD-HIT v4.8.1
(95% identity), and coding regions were predicted with TransDecoder v5.5.0. Annotation
was performed using DIAMOND v2.0.15, hmmscan (HMMER v3.3.2), eggNOG-mapper
v2.1.9, KAAS, and Blast2GO v5.2, by referencing Nr, Swiss-Prot, Pfam, KOG, eggNOG,
Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Ontology (GO) databases.
Transcript abundance was quantified with Salmon v1.9.0 and summarized at the gene level
with tximport v1.22.0. Differential expression analysis was performed using DESeq2 v1.36.0
(|log2 fold change (FC)| ≥ 1, adjusted p < 0.05). GO and KEGG enrichment analyses were
conducted using clusterProfiler v4.6.0.

4.9. Quantitative Real-Time PCR

Total RNA was extracted from recovery-phase samples using a plant RNA kit (Tiangen,
Beijing, China), and reverse transcription was performed with a gDNA removal kit (Takara,
Osaka, Japan). Primers were designed with Primer Premier v6.0. qRT-PCR was performed
using TB Green chemistry on a CFX96 system (Bio-Rad, Hercules, CA, USA) under standard
cycling conditions. Relative expression levels were calculated using the 2−∆∆CT method,
normalized to eEF1β. Table S1 summarizes all primer sequences used in this study. Six
biological and three technical replicates were used per treatment.

4.10. Untargeted Metabolomic Profiling and Analysis

Untargeted metabolomic profiling was conducted using liquid chromatography–mass
spectrometry (LC-MS). At the end of the experiment, approximately 200 mg of algal tissue
was sampled per treatment, frozen in liquid nitrogen, and stored at −80 ◦C. Metabolites
were extracted and six biological replicates plus the pooled QC samples were included. LC-
MS was performed using a Vanquish Flex UHPLC and Q Exactive HF-X MS system (Thermo
Scientific, Waltham, MA, USA). Data were processed in Compound Discoverer v3.2. The
matrix was normalized to internal standards, Pareto-scaled, and analyzed in MetaboAnalyst
5.0 via principal component analysis (PCA) and partial least squares discriminant analysis
(PLS-DA). DEMs were screened based on VIP > 1.5, p < 0.05, and FC ≥ 2 or ≤0.5. Clustering
and pathway enrichment (KEGG, p < 0.05) were also performed.

4.11. Integrated KEGG Enrichment Analysis of Transcriptomic and Metabolomic Profiles

A KEGG-based joint pathway analysis was conducted to explore the functional overlap
between the transcriptomic and metabolomic datasets. Gene and metabolite profiles were
independently filtered and scaled. Transcript levels (FPKM) were log2-transformed and
standardized; metabolite intensities were adjusted for batch effects and normalized. Both
datasets were annotated using KEGG, and shared pathways were identified (p < 0.05).

4.12. Statistical Analysis and Data Visualization

Three-way repeated-measures ANOVA was used to assess the effects of MHW in-
tensity, light intensity, and sampling time on growth and physiological traits. Data from
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physiological, transcriptomic, and metabolomic analyses were analyzed and visualized in
R v3.6.3, Python v3.12, and GraphPad Prism v10.2.0. Figures were finalized and formatted
in Adobe Illustrator v24.2.3.

5. Conclusions
In summary, U. pinnatifida exhibited adaptive responses under moderate MHW con-

ditions, as reflected by enhanced photosynthetic performance, improved pigment accu-
mulation, and sustained carbon and energy metabolism, all of which contributed to the
maintenance of physiological homeostasis. These responses were supported by a preadap-
tive antioxidant defense system that effectively mitigated oxidative stress. In contrast,
severe MHWs caused widespread physiological disruption, with an initial compensatory
phase rapidly giving way to systemic dysfunction, including impaired photoprotection,
metabolic imbalance, and structural damage. These effects persisted beyond the stress
period, indicating delayed damage and potential long-term consequences. Moreover, co-
occurring high light intensity further amplified the negative impacts, aggravating energy
conversion failure and oxidative damage. Elucidating its response mechanisms under
MHW stress is essential for understanding its adaptive strategies to extreme environments
and provides a theoretical basis for improving cultivation management under future climate
change scenarios.
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PCR primer sequences; Table S2: Three-way repeated measures ANOVA on physiological and
biochemical indicators of Undaria pinnatifida; Table S3: Simple effects of marine heatwave intensity on
physiological and biochemical indicators of Undaria pinnatifida, with light intensity and sampling
time held constant; Table S4: Simple effects of light intensity on physiological and biochemical
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